[1] Nonsorted circles, ubiquitous to the Arctic Tundra region, are patterned ground features with circular semibarren areas surrounded by vegetation. These circles are formed and persist as an ecosystem due to complex soil-water-energy-ice-plant relationships and dynamics in the Arctic. In this paper, we present the first model that captures the dynamics of the physical and biological components of the nonsorted circle ecosystem in order to understand its formation and persistence, especially in a changing climatic environment. We have applied a coupled model describing (1) vegetation dynamics (ArcVeg) and (2) coupled heat and moisture transport with phase change (WIT) in the active layer of the soil where such circles are initiated and developed. We simulated the system behavior during the formation process starting with a random vegetation development. The vegetation provided heterogeneous insulation to the soil surface. During freezing, the noninsulated areas froze first, resulting in preferential ice accumulation in those areas. The ice prevented the vegetation from developing further in those areas and thus developed and stabilized the nonsorted circle pattern. The model produced a nonsorted circle pattern that was well compared to those observed in the field. The model also illustrated that the availability of water was critical for the sustenance and stability of the nonsorted circle. The effect of climatic variations on the freezing process on the other hand did not seem to affect the formation and sustenance of nonsorted circles.
Introduction
[2] The interdependency of biological and physical components of the arctic tundra system can yield strongly nonlinear processes with potential thresholds for ecosystem shifts. The nonsorted circle ecosystem is an example of this type of complex system for which the driving forces are poorly understood. Nonsorted circles are a form of patterned ground with areas of heaves and troughs, ubiquitous to the arctic tundra, that result from cryoturbation [Vliet-Lanoe, 1991] (Figure 1) . From a physical perspective, hydrology plays an important role in ecosystem dynamics in the nonsorted circles. Even though the tundra appears to have a relatively simple hydrologic system, often consisting of only a saturated active layer (the surface soil layer that thaws on an annual basis) underlain by permafrost, the impact of hydrology on maintaining the equilibrium of the nonsorted circle ecosystem is significant. Disturbances associated with the freezing and thawing of the active layer (i.e., cryoturbation) are key hydrological processes that interact with the biological component of the system and shape the arctic tundra [Vliet-Lanoe, 1991] .
[3] Nonsorted circles (sometimes referred to as frost boils or mud boils) are a patterned-ground feature of approximately 1-3 m in diameter. These features generally have little or no vegetation on them due to excessive soil expansion from ice accumulation during winter [Washburn, 1956] . Nonsorted circles are, however, typically surrounded by dense vegetation, which acts as an insulator against fall cooling, leading to preferential formation of ice within the less-vegetated circles. The water needed for the observed ice formation within the circle (heaving areas) migrates horizontally from vegetation-covered soils (trough areas), peripherally from outside the circle, as a result of increased tension (capillary pressure) within the circle during freezing [Daanen et al., 2007; Ippisch, 2003] . Thus, moisture migrates laterally due to horizontal differences in insulation at the soil surface. The nonsorted circle system is defined as an area within the arctic tundra with at least one nonsorted circle and its peripherally surrounding tundra (Figure 1 ).
[4] Water is generally abundant in the southern arctic tundra during fall freezing. The abundance of water in the active layer may partly be a product of snowmelt and thawing soil over the spring and summer and a part of it might originate from increased late summer or fall precip-itation combined with reduced evaporation. The permafrost below the active layer prevents any vertical drainage, thus creating the potential for inundated soils. Nonsorted circles tend to form in areas that are mostly flat so little water tends to drain laterally. Abundance of water and the texture of the soil are the major drivers of frost heave (the process of soil expansion as a result of ice lens formation during freezing), which results in formation of patterned ground features such as the nonsorted circles [Vliet-Lanoe, 1985] . In general, fine-textured soils with relatively high hydraulic conductivities, like silts, are susceptible to frost heave [Mitchell, 1993] . Cryoturbation (movement of soil) due to frost heave prevents vegetation growth and succession in ice accumulation areas.
[5] The presence of vegetation and organic matter in certain areas (trough regions) of the nonsorted circle ecosystem restricts heat flow into and out of the ground by offering insulation. Surface heat fluxes combined with the movement of water in the soil determine the strength and location of ice accumulation and cryoturbation. It is observed within the nonsorted circle system that areas with little vegetation (less surface insulation) experience more frost heave during the winter than areas with dense vegetation cover .
[6] An estimate of the insulation properties of the soil surface is expressed with an R-value. The R-value is related to the thickness of the insulative layer and the inverse of its thermal conductivity. It is commonly used in cold region construction engineering to express insulation efficiency. The areas with little vegetation, organic matter and snow cool faster in the fall and thus have lower R-values compared to areas with abundance of these. Snow accumulation across tundra landscapes tends to be slightly greater at lower slope positions, and snow accumulates preferentially in vegetated areas where it can be trapped [Sturm et al., 2005] . Presence or absence of such insulation affects the position and dimension of the nonsorted circles in the arctic tundra. The detailed processes governing the formation and persistence of nonsorted circles and their effects on soilplant-water relationships are still being studied. In this paper, we have attempted to gain understanding of such processes and relationships using a numerical modeling exercise with some knowledge of the physical and biological processes and their interplay.
[7] Several modeling studies have focused on ice lens formation leading to substantial soil expansion (frost heave) [Miller, 1980; Fowler and Krantz, 1994] . Several of these models have been developed for only a single dimension which is insufficient to capture the hydrological dynamics of a nonsorted circle system [Boike et al., 2002] . Nicolsky et al. [2004] developed a two-dimensional model that accurately estimates frost heave for a single nonsorted circle, assuming an open system with an unlimited supply of water. However, even in a relatively saturated arctic tundra system, the available water is limited; therefore for accurate results, the supply of water initiating frost heave must be accounted for within the domain of simulation. Ippisch [2003] developed a three-dimensional model that also captures the dynamics of a single nonsorted circle. However, the model focus is more on gas and solute flow than on the dynamics of liquid water and ice. The modeling of these systems could be improved to include coupled biological and physical processes across a domain larger than just a single nonsorted circle. Our hypothesis is that the interplay between the physical and the biological processes of the system, which are affected by changes in the climatic, environmental and soil properties, govern the initiation, development, and sustenance of nonsorted circles.
[8] Climate models predict dramatic changes for the arctic tundra environment, such as shifts in summer and winter temperatures, with enhanced winter precipitation [Maxwell, 1992; Walsh, 1993] . Ecosystem changes caused by recent climate warming are becoming apparent in the arctic tundra [Chapin et al., 2005; Jia et al., 2003; Myneni et al., 1997; Tape et al., 2006; Walker et al., 2006] , and the effect of changing ecosystems on patterned-ground features such as the nonsorted circle ecosystem and subsequent system feedbacks are areas of active contemporary research [Walker et al., 2004] . Climate warming has been shown to change arctic vegetation quantity and composition [Jia et al., 2003; Walker et al., 2006] , thus affecting local and regional energy budgets, and hydrological processes [Chapin et al., 2005] . Understanding the active layer hydrology and its relationship with soils and plants in the arctic tundra ( Figure  1 ) will help us in the future to assess the impact of climate warming and the subsequent effect on ecosystems, such as the nonsorted circles, in cold regions of the Earth.
[9] The objective of this study is to identify the sensitivity of active layer, surface, and atmospheric properties on the spatial pattern and size and thus the effect on the equilib- G03S06 DAANEN ET AL.: SIMULATING NONSORTED CIRCLES rium of the nonsorted circle ecosystem using the coupled WIT-ArcVeg model.
[10] Figure 2 is a conceptual model that illustrates the importance of hydrology in maintaining the local balance of physical, chemical and biological processes in the nonsorted circle ecosystem. In a simplified representation of the system, we consider ice accumulation caused by temperature gradients, which result from differences in insulation (by vegetation, organic matter, snow) at and near the soil surface. The physics of this simplified system is represented in a Water Ice Temperature (WIT) model [Daanen, 2004; Daanen et al., 2007] , and the biological aspects (i.e., vegetation and organic matter) are simulated using the ArcVeg model [Epstein et al., 2000] .
Methods

WIT
[11] WIT (Water Ice Temperature) is a three-dimensional model that simulates coupled heat and moisture transfer [Daanen et al., 2007] The horizontal movement of water through soils as a result of temperature gradients during freezing has been investigated with the WIT model [Daanen et al., 2007] . WIT simulates water movement in the active layer and ice accumulation as a result of differential surface insulation.
[12] The boundary conditions can be specified as fluxes for heat and water (Neumann condition) or as Dirichlet boundaries of specified temperature and pressure. A third order boundary condition is applied at the upper and lower boundary, where the permafrost boundary temperature and the air temperature affect the freezing rate of the active layer. Table 1 gives a summary of the input for the WIT model. For the calibration and validation of the WIT model we refer the readers to Daanen et al. [2007] .
ArcVeg
[13] The arctic vegetation dynamics model (ArcVeg) [Epstein et al., 2000 [Epstein et al., , 2001 ] is used to simulate vegetation development, a key component of the upper boundary description. The ArcVeg model controls the dynamics of the surface insulation by simulating vegetation succession on small patches of tundra. ArcVeg simulates vegetation growth as expressed by a variety of different plant functional types, including grasses, sedges, mosses, lichens, forbs, evergreen and deciduous shrubs. Each plant type has its own germination probability, and each year new seeds can germinate and either initiate or contribute to the biomass of that plant type. Composition of plant functional types is also affected by competition among types for plantavailable nitrogen in the soil. Each plant functional type has its own sensitivity to the climate (i.e., temperature in this case), and therefore the composition of the vegetation changes depending on the climatic conditions. The model stochastically generates climate disturbance and grazing. The patches disturbed by frost heave experience a negative effect due to increased mortality of the vegetation. Table 1 gives a summary of the input variables for the ArcVeg model.
[14] ArcVeg is a stochastic model which solves plant biomass accumulation based on soil nutrition and plant competition with a Monte Carlo approach. The model simulates climate variations for each of the five arctic tundra subzones (http://www.geobotany.uaf.edu/cavm/). ArcVeg was developed for the southern portion of the arctic tundra and adapted for other bioclimatic subzones further north . Because plant-available nitrogen can be a strongly limiting nutrient for tundra plants [Shaver et al., 2001] , the model functions essentially with nitrogen mass balance, moving nitrogen among soil organic matter, soil inorganic nitrogen, and plant pools. The plant parameters include nitrogen uptake efficiencies, the biomass:N ratio, annual proportion of plant material senescing, probability of seedling establishment, and cold tolerance for growth. The model runs on an annual time step, but the growing season is split into five distinct plant-growth periods (the first period follows the onset of growth after the spring thaw, and the last growth period includes the peak of the growing season through senescence), to capture the seasonality of growth. For the calibration and validation of the ArcVeg model we recommend readers to review Epstein et al. [2001 Epstein et al. [ , 2000 and Walker et al. [2008] .
Coupled Models
[15] WIT and ArcVeg are coupled dynamically in three ways; (1) ice accumulation (either ice lenses or needle ice) in a soil column yields an increased amount of vegetation mortality in that node, due to root damage [Jonasson and Callaghan, 1992] : this ice accumulation is assessed after each freezing calculation; (2) vegetation biomass provides insulation, expressed as an R-value, which determines the upper boundary temperature of the WIT model, the insulation is calculated after multiple years of vegetation development in which the ice accumulation pattern is kept constant. The number of years of vegetation development between freezing calculations is stepped up according to the following equation: years = frnum + (frnum À 1) Â 3, where frnum is the number of freezing periods previously simulated. The insulation is calculated using a simple linear relation between individual plant biomass and insulation. The equation is as follows,
where biomass i is the average biomass in the ith plot, biomass i,j is from the ith plot and jth plant type, c j is a constant for each plant type to relate it to insulation for the simulation. In this paper we have used 0.1 (c j ) for all plant types except for moss where we used 50 (c j ), the constant 3 is to correct for snow cover. (3) Soil organic matter calculated by ArcVeg affects the freezing characteristic and hydraulic conductivity curves for the soils in WIT. Higher soil organic matter leads to an increase in the freezing point depression and an increase in the hydraulic conductivity. These changes are made by linearly adjusting the 'n' parameter in the Van Genuchten [van Genuchten, 1980] equations for the freezing characteristic curve and unsaturated hydraulic conductivity curve (see Daanen et al. [2007] for description of van Genuchten parameters and freezing characteristic curve). As ArcVeg simulates vegetation production during each growing season, warmer years lead to greater productivity and plant community development than colder years. Annual frost heave on patches that have minimal insulation from vegetation inhibits vegetation from colonizing these areas. Disturbed patches therefore tend to persist on the landscape due to disturbance feedbacks associated with frost heave and vegetation. The model is typically allowed to run until an equilibrium vegetation community is established. Figure 4 shows the patterns generated by WIT-ArcVeg with a model run of 861 years. For our simulations, we parameterized the effect of ice on the vegetation and the effect of vegetation on the heat flux so that they interacted to produce a pattern.
[16] Pattern formation due to differential cooling of the active layer was simulated using the combined models WITArcVeg. Our reference run was for conditions equivalent to those found near Franklin Bluffs on the North Slope of Alaska, and we found a good match between predicted and observed number of nonsorted circles per unit area [Raynolds et al., 2008] . We then varied the following parameters in WIT: soil moisture, soil texture, active layer depth, and air temperature. The variables used by the ArcVeg model were kept constant. Table 1 gives an overview of the input variables of both models.
R-Values
[17] We used a simplified relation between plant biomass and insulation in our model. To justify this relationship we used field measurements of biomass and temperatures of the same plant communities. Air temperatures, soil temperatures just below the vegetation and organic layer, and the temperature of the permafrost at 1 m depth were measured and logged continuously in the field in 2004 and 2005 [Kade et al., 2006] . In this study we used the R-value to evaluate the insulation capacity of the land surface (i.e., a combination of the effects of vegetation, organic matter, snow) using these temperature records, for both nonsorted circles and undisturbed tundra. Using simple heat conduction principles in completely frozen soil we determined the heat flux between the mineral soil surface and the permafrost. We used an estimate for the thermal conductivity and depth of the soil surface layer and the soil heat flux to calculate the mineral soil surface temperature, by assuming the soil surface heat flux to be the same as the deeper heat flux calculated previously. The R-value of the soil surface was calibrated by matching calculated mineral soil surface temperatures with the observed. Vegetation, dead organic matter, and snow were all included to produce an aggregate R-value for each site. [18] We used a multiple linear regression analysis on observed biomass data from the North American Arctic Transect (NAAT) to determine how well plant biomass predicted these calculated R-values. Biomass data from 7 different plant types were used along with the end of season snow depth to predict the measured R-value.
Results
[19] R-values increased, as expected from north to south along the NAAT, with an increase in vegetation, dead organic matter, and snow depth (Figure 3) . From the observed data over the entire north to south transect there appears to be a positive relationship between the surface live vegetation biomass (over all plant types) and the R-value, but there is a lot of variability in this relationship. Part of this variability is caused by plant species-specific insulation to the soil surface. Moss tends to have a greater effect on the insulation than graminoids, for example. Also, the problem could be compounded by preferential snow accumulation under or near particular plant species. Predicting the insulation from observed living biomass using seven plant types and snow depth in a multiple linear regression method over the entire gradient is possible with an r-square value of 0.82. In Table 2 ) of mosses. The end of season maximum snow depth shows the strongest individual positive correlation in predicting the insulation value during the freezing period. Horsetail is the strongest negative predictor for R-value; this is likely related to increased soil moisture and maybe convective heat flow in horsetail habitat. Beside the direct effects of the plants on insulation, there may also be an effect of the plants on snow accumulation, although that correlation was low in this data set.
[20] We used WIT-ArcVeg to simulate the formation of a nonsorted circle system using a homogeneous soil domain and a random plant seeding. The results of these simulations are expressed in vegetation distributions (Figures 4 and 5) . Figure 4 illustrates the development of a nonsorted circle system. Green colors represent greater plant biomass and G03S06 DAANEN ET AL.: SIMULATING NONSORTED CIRCLES the gray and white tones represent lower plant biomass. The simulation started with random seeding of plants and was stopped after 20 freezing cycles or 861 years of plant biomass development demonstrating the formation and sustenance of a nonsorted circle. The time steps and conditions used in our simulation demonstrated a distinct pattern of nonsorted circles as output on the year 861 after inception. Although, we have no way to validate the time period required for a distinct pattern development of the nonsorted circles, our simulation provides an understanding of this time period for specific conditions used.
[21] Sensitivity of active layer properties and climate is also presented as vegetation distributions obtained from the WIT-ArcVeg model. Parameters such as the soil moisture, the soil texture and the active layer depth caused a change in the pattern formation. However, a variation in the air temperature seem to have no effect on the pattern formation. The central illustration in Figure 5 is the reference run with selected input parameters for soil, water content and active layer depth from the Franklin Bluffs research site. The distribution in the reference run is similar to the distribution found in field. Soil moisture had a strong effect on pattern formation and nonsorted circle development. Cold and moderate arctic air temperatures yielded a similar number and size of nonsorted circles. The active layer depth had a strong influence on the number and size of the nonsorted circles that developed, with shallower active layers prohibiting the formation of circles. Reducing the active layer depth from 70 cm to 60 cm, completely eliminated the nonsorted circle features. Soil texture played an important role, as it determined the freezing characteristics curve and the hydraulic conductivity. The patterns are strongly affected by the texture of the soil with no nonsorted circles being formed in the sandy soil (coarse texture) and a large number of smaller nonsorted circles being formed in the clayey soil (fine texture), compared to the silty soils of Franklin Bluffs.
Discussion
[22] The R-values used in this study are calculated based on heat conduction principles. This means that other sources of heat, such as radiation and convection by air at or near the soil surface are not included in the analysis. During the summer months those additional sources of energy should not be ignored. However, during the snow covered, frozen season those heat sources are assumed to be negligible.
[23] Plant biomass is not related to snow depth along the NAAT [Kade et al., 2006] . However, the snow depth used to determine the relationship between plant biomass and snow depth in that study was the end of season snow depth. This deep snowpack is less likely to be correlated with the smaller vegetation found in the tundra. Early season snow depth may have a better correlation with vegetation due to trapping of the snow, however we lack the data to support this hypothesis. The observation we made for the R-value are comparable to what is generally expected, i.e., further north and on disturbed locations the R-value declined due to weaker plant growth conditions . This simplified relation between plant biomass and insulation was used to couple ArcVeg to WIT and calculate the insulation at the soil surface.
[24] Patterns in the arctic tundra have been studied over the last century [Washburn, 1997] . Many initiation processes are proposed to explain the formation of the multitude of patterned ground features [Washburn, 1956] . Peterson and Krantz [2003] described an initiation process for nonsorted circles. They used linear stability analysis on the physical description of freezing front movement to identify the most likely spacing between features: that study did not show the dynamics of the system. In this study we have used WIT in conjunction with ArcVeg to generate patterns from initially random vegetation development. We conclude that the soil and vegetation characteristics determine the spacing and size of the features [Daanen et al., 2007] . The fairly simple approach of coupling stochastic and physical processes can yield complexity that shapes the pattern of the system. We show with our modeling approach that the hydrological component is important for vegetation survival in the ecosystem through its mobility from insulated to noninsulated areas during freezing, which prevents root destruction by ice lens formation.
[25] We found that the degree of wetness of the soil is an important variable for nonsorted circle pattern formation. Lack of water in the soil can completely prevent the formation of patterns due to the absence of ice formation in the soil. The tundra is however mostly saturated because of the permafrost boundary underneath the active layer that prevents drainage. With change in climate, especially during dry years or due to improved drainage with deeper active layers [Hinzman et al., 2005] , some of the barren areas (nonsorted circles) could become vegetated due to lack of ice accumulation thus changing the equilibrium of the physical processes.
[26] The effect of air temperature variations during freezing on feature formation is very small in our comparison. For the modeling we used the measured air temperature from colder and warmer regions along the NAAT and the results show little difference between warmer or colder climate conditions on the physical behavior of the freezing process. This means that the freezing process or cooling rate is relatively similar for all sites along the climatic gradient. The effect of warmer climate conditions on the vegetation development, such as a longer and warmer growing season were not tested in this scenario, because the climate conditions in ArcVeg are stochastically determined based on the region (not varied), rather than observed air temperature data as used in WIT. It can however be expected that faster plant growth have an effect on size and distribution of nonsorted circles and may be the leading cause for ecosystem alterations. Deeper active layers and dryer conditions, a side effect of warming conditions, both lead to an additional decrease in the number density of nonsorted circles in the system and a likely increase in the vegetated cover.
[27] The active layer depth before onset of freezing is a direct effect of local summer climate conditions and has a strong effect on pattern formation and an indirect effect on soil wetness [Hinzman et al., 2005] . The effect of deeper active layer depth is caused by the longer freezing period (water movement) experienced with a deeper active layer.
The result, as shown, is that the model simulates larger and fewer features with deeper active layer depths. The extended period of water migration assures less ice accumulation in the vegetated areas and therefore faster biomass accumulation.
[28] Soil texture plays an important role during the freezing process [Vliet-Lanoe, 1985] . Soil texture and secondary soil structure determines the soil freezing characteristics curve and the ability for the soil to transport liquid water in a freezing soil [Lundin, 1990] . Moisture migration due to a temperature gradient occurs when the soil is partially frozen. The hydraulic conductivity at that time depends on the liquid water content and the effective porosity of the frozen soil. The liquid water content depends on the soil temperature and the soil particle distribution. At below freezing temperatures the liquid water content reduces and the suction in the soil increases. For a sandy soil the liquid water content decreases faster with increasing suction compared with finer grained soils [French, 2007] . Clay on the other hand harbors a large amount of liquid water at relatively low temperatures (high level of suction). However, in clay the hydraulic conductivity is much smaller, which limits the liquid water movement. The results show therefore a pattern with more and smaller features.
Conclusions and Future Research
[29] We have analyzed the relation between plant biomass and soil surface insulation expressed using R-value. We determined that there is a complex relation between mea- sured R-values of the soil surface and biomass. Mosses and snow are generally believed to be very important in determining surface insulation. We found that these two predictors alone do not adequately describe winter soil surface insulation along the NAAT.
[30] WIT-ArcVeg is the first model that shows nonsorted circle pattern formation from random vegetation development through solving coupled heat and moisture transport with phase change in the active layer of the Arctic Tundra.
[31] Multiple scenario simulations with the model demonstrate the effects of environmental conditions on pattern formation. Water availability is very important for pattern formation. Water availability is affected by soil wetness, depth and texture of the active layer. Active layer depth also influences the duration of the freezing period and affects the size of the nonsorted circle features that form and stabilize. Change in climatic conditions on the freezing process show no effect on the pattern formation, which implies that the cooling rate during the freezing period is very similar along all the sites of the NAAT.
[32] Further analysis on the effects of vegetation on insulation and water movement are needed to better quantify the effect of each plant type on the stability of the nonsorted circle system. In particular we want to research the tipping point of nonsorted circle collapse toward complete vegetative cover, which has a major effect on larger scale processes of albedo, permafrost dynamics and carbon storage. 
